The genetic structure of two populations of Naegleria lovaniensis, comprising 71 isolates collected from the same local geographical area was investigated by isoenzyme analysis. Allelic variation at seven polymorphic enzymatic loci allowed identification of 45 distinctive genotype associations. Analysis of single locus variation reveals that most of them are close to Hardy-Weinberg equilibrium, which indicates segregation and free recombination between alleles. The recovery of a relatively high number of distinct genotypic associations (most of them being unique), and the absence of linkage disequilibrium between genotypes at the different loci also support the existence of recombination. Although we have no idea about the process involved, the results clearly indicate that genetic exchanges occur, at least occasionally, in natural populations of N. lovaniensis.
Introduction
While most species reproduce sexually, the existence of sexual processes seems exceedingly limited among the ancient and highly diversified group of Protozoa. Most of the Protozoa, including the major human parasites for which a clonal reproduction theory has been recently proposed (Tibayrenc et a!., 1990) , are considered to reproduce asexually. Amoebas are also generally considered to be asexual. Sexuality appears to be quite common only in Ciliates where complex sexual systems have been described for different species. In most cases, sexuality is not obligatory and sexual and asexual processes coexist within the same species (Sonneborn, 1957; Genermont, 1985 Genermont, , 1988 . Curiously, genetic analysis of these species is virtually non-existent. Because sexual reproduction has direct genetic consequences in terms of segregation and recombination, the use of genetic markers, such as enzymes, offers the possibility for detection of such processes and the analysis of the genetic structure of populations. For example, genetic exchanges have been reported on the basis of enzyme electrophoretic variations in a few cases for human parasites. Experimental demonstra-173 tions of genetic exchange (Jenni et at., 1986; Sternberg eta!., 1988) and random mating have been made in the African Trypanosome, T,ypanosoma brucei (Tait, 1980) . Sexual recombination has been shown in Plasmodium falciparum (Walliker et a!., 1987) and is also suspected in some Leishmania (Evans et a!., 1987) .
Among amoebas, genetic exchanges have been postulated only in two cases: Entamoeba histolytica, the agent of amoebic disentery in man (Sargeaunt, 1985; Sargeaunt et a!., 1988) and Naegleria lovaniensis (Cariou & Pernin, 1987) .
The free-living amoebas of the genus Naegleria are common in freshwater and actually comprise six species, N. gruberi, N. jadini, N. lovaniensis, N. australiensis, N. andersoni and N. fowleri. The latter is recognized as pathogenic to man. It is the agent of an acute primary amoebic meningoencephalitis while pathogenicity of another species, N. australiensis, has only been recognized experimentally. N lovaniensis, primarily identified as 'a non-pathogenic variant' of N fowleri (De Jonckheere & Van De Voorde, 1977) shares with that species several biological characteristics (thermophily, capacity of axenization) and antigenic cross-reactivity (Stevens et a!., 1980) but appears, in contrast, to be genetically well differentiated (Pernin et a!., 1985) .
However, these two species are phylogenetically closely related (Pernin eta!., 1985; Clark eta!., 1989) .
Diploidy of most Naeg!eria species is strongly suggested by the occurrence of heterozygous electrophoretic patterns for a number of enzymes (Cariou & Pernin, 1987; Adams et a!., 1989) although both the small size of chromosomes and their high number have prevented any caryotype analysis. Recent studies, using pulsed-field gel electrophoresis, estimate the chromosome number to be about 23 for N. gruberi with variations between strains but the ploidy of the species remains uncertain (Clark, 1990; De Jonckheere, 1989; Clark et a!., 1990) . On the other hand, as far as we know, nothing is known about the genetic structure of natural populations in these amoeba species and our previous data on N. lovaniensis relate only to a few laboratory strains (Cariou & Pernin, 1987) .
In this study, enzyme electrophoresis was applied to 71 isolates of N. lovaniensis collected from a single geographical area, thus offering opportunity for genetic exchange, to address the following points. (i) Does segregation exist at individual loci? (ii) Are recombination and random mating the usual features within the species? (iii) Our data may also shed some light onto the genetic structure of natural N. lovaniensis populations.
Materials and methods

Strains
As a part of a systematic biological water surveillance, 71 strains of N. !ovaniensis were isolated from different sites of two districts along the course of the Moselle river (France) in 1987. Fifty-eight strains originated from the northern down-stream river near the Luxemburg frontier (Cattenom population) and 13 were isolated from the up-stream river, 50 km apart, in the vicinity of Metz city (Moselle South population). The thermophilic Naeg!eria strains were isolated by water filtration and incubation of inverted membranes at 44°C for several days on a gelose surface overlaid with a thin pellicle of E. co/i (non-nutrient agar: NNA).
Recognition of Naeg!eria genus was achieved by microscopic criteria and confirmed by the ability of trophozoits to transform into flagellates when suspended in distilled water. Species identification was supported by the analysis, in pH gradient 4-6.5, of malic enzyme, which has previously been proved to be a diagnostic locus (Pernin eta!., 1985) .
The strains were grown axenically on SCGYEM liquid medium or monoxenically on gelose NNA. Six axenic reference strains of N. lovaniensjs were also used for comparisons.
Isoenzymatic study
The axenic and monoxenic strains were harvested, as previously described (Pernin & Grelaud, 1989) and then lysed by a single freeze-thaw cycle. The cellular extracts were then submitted to isoelectric focusing.
For all the enzymes assayed an E. coli control (prepared in the same manner as cellular extracts) was included to detect possible bacterial isozymes. No allozyme differences were detected between axenic and monoxenic cultures of the same isolate (Fig. 1) .
The following five polymorphic enzymes in N. lovaniensis were scored: malic enzyme (ME), superoxide dismutase (SOD), leucine aminopeptidase (LAP), 6-phosphogluconate dehydrogenase (6-PGD), which appeared encoded by a single locus, and phosphoglucomutase (PGM) involving three separate loci. Alleles were numbered according to their p1 from the most cathodic to the most anodic and were consistent with our previous designations (Pernin et a!., 1985) . Allele frequencies at the highly polymorphic Lapi locus, which involves a null allele in Cattenom population, were estimated by using the EM Algorithm also called 'Gene Counting' (Weir, 1990) . Because the expected values for some genotypic classes were small, departures from expected Hardy-Weinberg proportions of genotypes could not be tested using classical goodness-of-fit procedures without extensive pooling.
As a consequence, an exact test for multiple alleles (Louis & Dempster, 1987) , suitable when expected frequencies are low and considered to be better than standard methods when the probability of drawing a given sample is near the a level of significance, was used to test the hypothesis of Hardy-Weinberg equilibrium.
Nei's standard genetic distances (1972) were computed to assess the extent of genetic divergence among isolates of N. lovaniensis. In this case, because each isolate kept in laboratory conditions consisted of a population of identical cells, allele frequencies were only 0, 0.5 or 1. Another multilocus genetic comparison was also achieved by ordinating the isolates in three-dimensions with a Centered Data Analysis (Lefebvre, 1976) performed from the same matrix of allele frequencies.
Results
A genetic interpretation of electrophoretic banding patterns was made in the usual way and by comparison with previously observed genotypes. Single-banded phenotypes indicate isolates that are homozygous while multiple banded ones correspond to heterozygotes ( Fig. 1) . In all cases heterozygote banding patterns are consistent with the quaternary structure 
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known for the enzymes involved. The finding of additional heterozygous phenotypes support once more the diploidy of the species N. lovaniensis.
The two alleles previously identified at Me, Sod2, Pgm2 and Pgm3 loci (Pernin et a!., 1985) were observed and, as expected from a more extensive survey, some new alleles were also found. All together three alleles are now known at the 6Pgd and Pgml loci, and seven, including a null allele, at Lapi (Fig. 1) .
Allele frequencies at each locus in the two popula- The comparison of the multilocus genotypic structure in the 71 isolates for the seven loci reveals 45 distinctive genotypic associations (GA), which are listed in Table 2 . Most are unique, 30 out of 45, and the maximum number of identical isolates is six. The number of genotypic differences between these 45 pairwise GA is often high, from 3 to 6, indicating that there is no correlation between homozygosity or heterozygosity at one locus and the condition at other loci. They resemble randomly assorted genotypes. The five heterozygous isolates Me"2 (isolates 3, 36, 67 from Cattenom and 7, 41 from Moselle South) are demonstrative with regard to that point: they all have different genotypic profiles (Table 2) .
Genetic structure analysis of N. lovaniensis Nei's genetic distances, calculated among the 45 distinct GA on the basis of allele frequencies, provide an estimation of genetic heterogeneity within the species. The minimum distance value is 0.044 while the maximum is as high as unity indicating substantial genetic differentiation among extreme isolates. Most of the isolates show an intermediate level of differentiation (Fig. 2) . Clearly these values cannot be compared to those published before (Pernin et a!., 1985) because they are based on a restricted set of loci (7 versus 23) and all are polymorphic. Consequently the present estimates are largely o''erestimated.
To investigate further the genetic structure of the species, we employed a multivariate analysis of allele frequencies of each of the 45 distinct GA in a plot of the three first axis, which explains 53 per cent of total variability. The centered data analysis reveals a wide spatial distribution of the strains without any clear-cut group (Fig. 3) . Moreover, isolates belonging to the Moselle South population are regularly interspersed among Cattenom population indicating that they are well within the range of genetic variability of the former population.
Discussion
Genetic variation within N. lovaniensis Enzyme polymorphisms among N. lovaniensis, based on phenetic comparisons, have been reported several times during the last decade (Nerad & Daggett, 1979; De Jonckheere, 1982; Moss et a!., 1988) . However, unexpectedly, restriction endonuclease digestion of total genomic DNA (De Jonckheere, 1987) and analysis of ribosomal DNA plasmid restriction patterns (Clark et a!., 1989) failed to demonstrate any difference among N. lovaniensis strains. Our present data reveal substantial genetic variation among isolates belonging to the species N. lovaniensis, thus confirming our previous results (Pernin et al., 1985) . These data are also consistent with those recently published by Adams et al. (1989) , both studies involving genetic interpretation of electrophoregrams.
Variation in allele frequencies at two polymorphic loci indicates some local differentiation between the two populations located 50 km apart. This may be partially due to the lower number of isolates collected in the Moselle South population and their scarcity but also because these amoebas may be geographically restricted. In fact they live fixed on various substrates such as pilings, dead wood, stones, plants, etc., and they move by crawling along the substrate. However, both populations share the same predominant alleles indicating gene flow between them, and probably along the stream. Even if they are fixed, amoebas may detach from their substrate and are probably able to migrate passively over relatively long distances.
The extensive genetic variation between individuals within the species and the similarity between the two populations are illustrated by the Centered Data Analysis. Moreover, the reference strains, which have broad geographical origins (USA, France and Belgium), are also well within the range of genetic variability of Moselle populations when they are plotted in the same analysis. This suggests that the French populations may be representative of the genetic structure of the whole species despite its large present geographical distribution. Furthermore, a common origin for all N. lovaniensis might be hypothesized as well as a possible recent dispersion throughout the world. However, both hypotheses have to be confirmed by more extensive analysis of various geographical populations.
Evidence for sexual reproduction Our analysis of a large number of isolates for several polymorphic loci shows that genotypic frequencies at The absolute stability of enzymatic patterns in laboratory conditions over 3 years for the N.
lovaniensis Moselle isolates and 7 years for the reference strains indicates that asexual reproduction is the rule in the laboratory while sexual reproduction may be limited to field conditions. In contrast, genetic exchanges have only been detected under experimental conditions for Entamoeba histolytica (Sargeaunt, 1985) .
Even in the wild, where populations approximate Hardy-Weinberg equilibrium, sexual reproduction may not be a regular process (Smith & Fraser, 1976) . In cyclic parthenogens like Daphnia species (Crustacean, Cladocere), the alternation of parthenogenetic and sexual generations, depending upon environmental conditions, is sufficient to provide genotypic frequencies close to Hardy-Weinberg expectations at several loci (Hebert, 1974) . It has been shown that Hardy-Weinberg equilibrium was recovered at the first sexual generation even after a long parthenogenetic reproduction period (Hebert, 1987) . In contrast, obligate parthenogenetic populations usually show large deviations (Hebert & Crease, 1983) .
All the data indicate random exchange among genotypes and we have to conclude that this species experiences some form of sexual reproduction, at least occasionally, and probably not infrequently in natural conditions.
In any species, sexual processes involve karyogamy to keep the number of chromosomes constant whether the species is haploid or diploid. Amoeba cells forming pairs and containing two or several nuclei have been described (Goodfellow et al., 1974) . The authors suggest that if a sexual process does take place it is likely to occur between morphologically similar cells involving some form of mating type. However, if adherence of one cell to another is a prerequisite to sexual process it is not in itself sufficient to conclude that real genetic exchanges occur. All the Naegleria species possess a single nucleus and nothing similar to nuclear fusion has ever been reported.
Although the nature of sexual processes in N.
lovaniensis, in particular, and amoebas in general, remain completely unknown, the problem of sexual and asexual processes is of considerable basic biological significance. The discovery of genetic recombination, even if it is only occasional, makes sense with regard to the specific status of N. lovaniensis which appears to be at present the only 'true species' among the Naegleria.
